Maternal infections are one of the main causes of adverse developmental outcomes including embryonic resorption and preterm labour. In this study a mouse model of inflammation-associated preterm delivery was developed, and used to study the relationship between nitric oxide (NO) and prostaglandins (PGs).
Introduction
Preterm delivery is the leading cause of neonatal mortality and contributes to delayed physical and cognitive development in children. Although a significant number of preterm cases would benefit from delaying labour, there is considerable debate on the safety and efficacy of currently available medications for the maintenance of tocolysis.
A large body of evidence suggests that intraamniotic infection may be a significant and potentially preventable cause of preterm birth (Romero et al., 1988) . Bacterial lipopolysaccharides (LPS) have been associated with adverse developmental outcome, including embryonic resorption, intrauterine foetal death, intra-uterine growth retardation and preterm delivery in rodents (Silver et al., 1995) . Bacteria could reach the uterus with ejaculate or by intestinal absorption (Hamrick et al., 2003) and treatments with antibiotics that reduce intestinal flora prevent preterm labour (PTL) (Lamont et al., 2003) .
Premature activation of uterine proinflammatory pathways can lead to preterm birth. Primary pro-inflammatory cytokines induce the production of prostaglandins (PGs) (Pollard and Mitchell, 1996) . These, in turn, act synergistically to promote cervical ripening (Kelly, 2002) , and prostaglandins E2 and F2a stimulate uterine contractility (Baggia et al., 1996) .
Prostaglandins are generated from arachidonic acid (AA) by cyclooxygenases (COX). COX-1 and COX-2 catalyse the conversion of AA into PGH2, which is then converted to various PGs by specific synthases (Smith and Marnett, 1991) .
Nitric oxide (NO) is one of the main inflammatory mediators. It is important for host defense and is a regulatory molecule for various physiological functions such as neurotransmission and vasodilatation (Mac Micking et al., 1997) . NO is generated during the nitric oxide synthase (NOS)-catalysed conversion of arginine to citrulline. NOS exists in three isoforms, namely endothelial NOS (eNOS), neuronal NOS (nNOS), both constitutive and inducible NOS (iNOS), and all of them have been shown to be present in pregnant rat and mouse uterus (Farina et al., 2001; Ogando et al., 2003a) . Although NO plays a pivotal role in many body functions, its excessive production can lead to cytotoxicity, inflammation, carcinogenicity, autoimmune disorders and embryonic resorption (Liu and Hotchkiss, 1995; Ogando et al., 2003b) .
Nitric oxide is an important regulator of the biology and physiology of the organs of the reproductive system, including the uterus. Myometrial smooth muscle cells express eNOS, and the uterus is included in the list of 'tissue exceptions' and thus expresses iNOS even under unstimulated conditions (Nakaya et al., 1996) .
It is well known that NO fulfills important functions during pregnancy; however, in high concentrations it could exert toxic effects as it works as a free radical. In a murine model of embryonic resorption decidual and uterine production of NO was increased by the treatment with LPS, and this increase is due to the induction of iNOS expression in decidua and uterus, and nNOS expression only in decidua. LPS also caused fibrinolysis and infiltration of mesometrial decidua by positive iNOS macrophages (Ogando et al., 2003b) .
A relationship between NO biosynthesis and PGs generation has been shown to exist (Kenneth, 1994; Cella et al., 2006) ; particularly in the uterus, where it was found that NO donors augment PGs synthesis (Franchi et al., 1994) and epidermal growth factor and interleukin (IL)-1a enhance PGs production by stimulation of iNOS activity (Ribeiro et al., 1999; Farina et al., 2000) .
It has also been reported that almost 33% of all cases of PTL are related to infections (Romero et al., 1989) . In the present study, we developed a mouse model of infection-associated PTL, and used it to study the participation of NO and PGs and to determine if the administration of inhibitors of COX and NOS prolongs the duration of pregnancy in this model. We also determined the effect of NO on the synthesis of PGs in this model.
Methods
Receptor nomenclature throughout the manuscript conforms to the British Journal of Pharmacology Guide to Receptors and Channels (Alexander et al., 2008) 
Test systems used
Female mice of the BALB/c strain (20-24 g body weight) from our own colony were used (n Ն 4 for each day or treatment assayed). They were housed in groups in cages under controlled conditions of light (14 h light, 10 h dark) and temperature (23-25°C). Animals received rat chow and water ad libitum.
Animals were observed closely (every 30 min) for any signs of morbidity (piloerection, decreased movement), vaginal bleeding, and/or preterm delivery (pups present in the cage) after LPS or saline administration. The beginning of preterm delivery was defined by the delivery of the first pup.
In all cases, mice were killed by cervical dislocation. The uterus was removed immediately, cleaned of fat, placenta, fetuses, foetal membranes and blood vessels, and frozen until used.
Time-mated pregnant animals (n = 6 for each day) were killed at 10 h on different days of gestation (13, 15, 16, 18 and 19) . Spontaneous term labour occurred on the morning of day 19 (day 0: day sperm plug observed).
Lipopolysaccharide group: mice received two doses of LPS on day 15 of pregnancy, the first one at 10 h (10 mg in 0.1 mL of sterile saline solution, this is equivalent to 0.4 mg·kg -1 of body weight) and the second at 13 h (20 mg in 0.1 mL of sterile saline solution, this is equivalent to 0.8 mg·kg -1 of body weight).
Meloxicam groups: BALB/c females on day 15 of pregnancy were injected with LPS (following our LPS-induced PTL model), meloxicam (4 i.p. doses of 40 mg -equivalent to 1.6 mg·kg -1 of body weight -at 10 h, 13 h, 16 h and 19 h of day 15 of pregnancy) or LPS and meloxicam and killed at 22 h.
Aminoguanidine groups: females BALB/c on day 15 of pregnancy were injected with LPS (following our LPS-induced PTL model), aminoguanidine (3 i.p. doses of 6 mg -equivalent to 240 mg·kg -1 of body weight -at 7 h, 1 h and 19 h of day 15 of pregnancy) or LPS and aminoguanidine and killed at 22 h.
For i.p. administration of LPS, meloxicam, aminoguanidine or SNAP the animals where manually restrained and no anaesthesia was used.
S-nitroso-N-acetyl-penicillamine studies: In vivo, two doses (i.p., 60 mg) of SNAP were administered at 0 and 6 h to female BALB/c mice on day 19 of pregnancy and they were killed at 9 h.
In vitro, female BALB/c mice on day 19 of pregnancy were killed at 9 h. Uterine strips were prepared and incubated with SNAP 10 mM, 1 mM or 3 mM for 1 h at 37°C before PG levels measured.
The experimental procedures reported here were approved by the Animal Care Committee of the Center for Pharmacological and Botanical Studies of the National Research Council and by the Institutional Committee for the Care and Use of Laboratory Animals (CICUAL, Comité Institucional Para el Cuidado y Uso de Animales de Laboratorio) from the School of Medicine of the University of Buenos Aires, and were carried out in accordance with the Guide for Care and Use of Laboratory Animals (NIH).
Measurements
Determination of total NOS activity. NOS enzyme activity was quantified in uterine strips by the modified method of Bredt & Snyder, which (Bredt and Snyder, 1989) .
Briefly, samples were weighed and homogenized in a buffer containing 20 mM HEPES, 4.5 mM CaCl 2 and 100 mM DTT and 25 mM valine. After homogenization, 10 mM [ 14 C]-arginine (0.3 mCi) and 0.12 mM NADPH were added. Samples were incubated for 15 min in a 5%-CO2 atmosphere at 37°C and immediately centrifuged at 28 980 ¥ g for 10 min (4°C). Then the supernatants were applied to 1 mL DOWEX AG50W-X8 columns (Na + form) equilibrated with HEPES medium and citrulline. Finally [
14 C]-citrulline was eluted in 3 mL of water. The radioactivity was measured by liquid scintillation counting. Enzyme activity is reported in fmol of [
14 C]-citrulline produced mg -1 of tissue in 15 min.
Prostaglandin radioimmunoassay. PGE2 and PGF2a were measured in uterine samples as described by Ribeiro et al., (2005) . First, uterine strips were incubated for 1 h in Krebs-Ringer bicarbonate solution in a 5%-CO2 atmosphere at 37°C. After incubation, the medium was acidified and PGs were extracted twice with ethyl acetate. PG concentrations were determined by radioimmunoassay. Sensitivity was 5-10 pg per tube, and values are expressed as pg PGs mg -1 of tissue.
Western blot. The uteri were homogenized in an Ultra-Turrax homogenizer in 20 mM Tris-Buffer (pH = 7.4), containing 1 mM EDTA, 2 mg·mL -1 aprotinin, 10 mg·mL -1 leupeptin, 10 mg·mL -1 DTT, 100 mg·mL -1
STY, 1 mg·mL -1 caproic acid and 1 mg·mL -1 benzamidine. The homogenates were sonicated and centrifuged at 3000 ¥ g for 10 min to remove cellular debris. The supernatants were collected and kept at -70°C until the Western blot was performed. The concentration of each sample was measured by the Bradford method (1976) and 100 mg of protein were loaded in each lane The samples were separated on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane (Sigma Chemical Co, St. Louis, Mi, USA). The membrane was reacted with a rabbit antiserum against nNOS, iNOS, eNOS, COX-1 or COX-2 followed by a horse radish peroxidaseconjugated anti-rabbit IgG as the secondary antibody and developed by ECL. The protein bands were identified by molecular weight markers (BIO-RAD). Each blot was repeated three times with different samples. Blots were scanned using a scanning densitometer and the intensity of bands determined using the Image J (NIH) program. 
Drugs, chemical reagents and other materials
Aminoguanidine (AG), S-nitroso-N-acetyl- penicillamine (SNAP), L-valine,
Data analysis and statistical procedures
Statistical analysis was performed using the GraphPad Prism Software (San Diego, CA, USA). Comparisons between values of different groups were performed using one way ANOVA. Significance was determined using Tukey's multiple comparison tests for unequal replicates. All values presented in this study represent means Ϯ SEM. Differences between means were considered significant when P was 0.05 or less.
Results

Murine model of preterm delivery
We developed a murine model in which mice were induced to deliver prematurely after exposure to LPS on day 15 of pregnancy.
Initially we assayed a single intraperitoneal (i.p.) dose of LPS. A singular 50 mg dose was initially chosen based on previous work where PTL was induced with this dose in C3H/HeN pregnant mice (Fidel et al., 1994 ) and in our model of LPS-induced embryonic resorption with a similar dose of endotoxin (Aisemberg et al., 2007) . The dose of 50 mg per mouse caused PTL in 70% of the mice but also killed 50% of the mice (maternal death). We found that doses over 50 mg per mouse administered at 10 h on day 15 of pregnancy resulted in a high number of maternal deaths. We also observed that LPS doses under 50 mg per mouse did not induce PTL (Table 1A) . So we decided to examine the effect of two doses of LPS administered with a 3 h interval, according to a publication by Kaga et al. (1997) .
Table 1
Setup for preterm labour (PTL) model in mice Based on the results obtained, we finally established our PTL model; it consisted of administration of 10 mg LPS (i.p.) at 10 h on day 15 of pregnancy plus another of 20 mg (i.p.) at 13 h on this day, as this treatment resulted in PTL and delivery of live pups around 10 h after the last LPS-injection in 100% of the animals, with 95% maternal survival (Table 1B) . These pups survived for less than 1 h. This treatment did not change the number of pups delivered (Table 1C) or damage the ability of the mother to become pregnant in the future. To study this, ten mothers of the LPS group, after 1 month rest, were mated and it was found that a similar number of mice became pregnant (around 50%) as the control animals and the litter sizes (9 Ϯ 3 pups) were similar. Although treatment with two doses of 20 mg of LPS also resulted in 100% PTL 10 h after the last injection, has the same pups survival and morbidity of the pups was the same as with the previous dosing regime, it caused a maternal death rate of 33%. Animals that were injected with saline (sham group) delivered at term (Table 1C) .
Uterine synthesis of PGs and NOS activity near labour
We evaluated PGE2 and PGF2a synthesis during the last days of pregnancy. The production of both prostaglandins was maximal at day 19 of gestation ( Figure 1A) . In contrast, a considerable amount of NOS activity was present on every day of the pregnancy assessed, but became minimal during the last days of gestation (days 18 and 19) ( Figure 1B ).
LPS treatment increased uterine PGs and NO synthesis
The effects of the administration of LPS on day 15 of gestation on PGE and PGF synthesis are presented in Figure 1A . The results show that administration of LPS on day 15 significantly augmented PGE2 and PGF2a synthesis.
When NOS activity was assayed, we found that LPS also increased NOS activity by 80% compared with day 15 of control animals ( Figure 1B ).
LPS treatment increased uterine COX-2 and iNOS protein levels
To investigate the possible source of the elevated levels of PGE2, PGF2a and NO synthesis we used Western blot to determine the protein levels of the different COX and NOS isoforms. In our model of LPS-induced PTL, COX-2 and iNOS were significantly increased ( Figure 1C ), whereas nNOS, eNOS and COX-1 remained unchanged ( Figure 1D ).
Meloxicam prevented LPS-induced preterm delivery
We hypothesized that an increased synthesis of PGs induced by LPS could be involved in the mechanisms that trigger PTL. As COX-2 activity was increased by LPS, we determined whether meloxicam, a COX-2 selective inhibitor, could prevent PTL.
In this series of experiments, animals were injected on day 15 with LPS (10 mg at 10 h and 20 mg at 13 h), meloxicam (4 i.p. doses of 40 mg at 10 h, 13 h, 16 h and 19 h) or LPS and meloxicam. Pregnancy was monitored until delivery. Co-injection of meloxicam prevented LPS-induced preterm delivery in 90% of cases, whereas the injection of meloxicam alone did not alter pregnancy length (Figure 2A ).
Aminoguanidine delayed LPS-induced preterm delivery
To evaluate whether the increase in NOS activity, specifically iNOS levels, induced by LPS is involved in PTL, we studied the ability of aminoguanidine (AG), a selective iNOS inhibitor, to prevent LPS-induced PTL.
Animals were injected on day 15 with LPS (10 mg at 10 h and 20 mg at 13 h), aminoguanidine (3 i.p. doses of 6 mg at 7 h, 13 h and 19 h) or LPS and aminoguanidine. Pregnancy was monitored until delivery. Administration of AG delayed preterm delivery around 20 h in 40% of the mice ( Figure 2C ) and prevented it in 45% of the cases ( Figure 2B ). AG alone did not have any effect on the beginning of delivery.
Aminoguanidine diminished LPS-induced augmentation of PGs
Prostaglandins stimulate myometrial contractions and are capable of inducing abortion. Here we showed that uterine explants from LPS-treated animals produced more PGs than those from controls and that meloxicam prevented LPS-induced PTL. A significant body of experimental evidence suggests that there is a relationship between NO biosynthesis and the generation of PGs. Thus, we hypothesized that NO could affect the synthesis of PGs in this model, so the effects of LPS and AG administration on the synthesis of PGs were examined. AG totally inhibited LPS-induced augmentation of PGE2 and PGF2a synthesis (Figure 3 ).
In vivo administration of a NO donor decreased the synthesis of PGs
As the treatment with AG inhibited the LPS-induced increase in uterine PG synthesis on day 15, we
Figure 1
The NO and PG systems during the last part of pregnancy and during LPS-induced preterm labour (PTL). Female mice were killed at 10 h on days 13, 15, 16, 18 and 19 of pregnancy. Mice on day 15 of pregnancy treated with LPS (day 15 + LPS) (i.p., 10 mg at 10 h and 20 mg at 13 h) were killed at 22 h. Uterine strips were collected to measure: (A) Uterine production of prostaglandins E2 and F2a by RIA. investigated whether S-nitroso-N-acetylpenicillamine (SNAP) (i.p., 60 mg per mouse), a NO donor, could also regulate PG production on day 19 of pregnancy, when NO synthesis was minimum. Surprisingly, the administration of SNAP decreased the production of PGs suggesting that increasing the concentration of NO had a negative effect on the synthesis of PGs ( Figure 4A ).
Dual effect of NO on PGs synthesis
Previous studies have shown differential effects of NO on the synthesis of PGs (Franchi et al., 1994; Tunctan et al., 2006) . To investigate whether the amount of NO determines its effect on PG synthesis, explants from mouse uteri on day 19 of pregnancy were incubated with different concentrations of SNAP and the production of PGs was quantified.
A low concentration of SNAP (10 mM) decreased the uterine synthesis of PGE2 and PGF2a. However, a higher concentration of SNAP (3 mM) significantly augmented the synthesis of these PGs ( Figure 4B ).
Discussion
The initial aim of this study was to develop a mouse model of inflammation-associated preterm delivery that resembles the clinical presentation in humans. Numerous studies have shown that infection is causally linked to preterm birth (Romero et al., 2002) . It has been reported that murine and human decidua respond similarly to cytokines and this finding validates the use of murine models of PTL to study the mechanism by which microbial pathogens induce labour (Swaisgood et al., 1997) .
Even though animal models that utilize bacterial products are not useful to study spontaneous PTL syndrome, they may be relevant for infectionassociated preterm birth (Mitchell and Taggart, 2009) . Furthermore, other authors have also described murine models of PTL (Gross et al., 2000; Pirianov et al., 2009) .
Human preterm delivery is associated with a range of severity of inflammation, but only a small proportion of women with infection-associated PTL
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have clinical signs of infection. Thus, this model of LPS-induced preterm delivery was designed to mimic, as closely as possible, the clinical consequences of preterm infection.
Compared with other mice models (Gross et al., 2000; Pirianov et al., 2009 ) our model has the advantages of effectiveness and a simple study design. We obtained 100% incidence of preterm birth with minimal fatal effects on mothers (5%).
In the PTL models described previously, induced by cytokines or LPS (Fidel et al., 1994; Gross et al., 2000) , the kinetics observed are similar to those presented in our model, where pregnant animals delivered the first pup as early as 10 h after the last injection of LPS.
The mechanisms by which microbial pathogens induce labour have not been fully elucidated; however, there is evidence supporting key roles for several factors, including NO and PGs (Swaisgood et al., 1997; Keelan et al., 2003) . Changes in the production of uterine PGs and NO synthesis appear to be involved in the regulation of myometrial activity during pregnancy and labour. We observed that the synthesis of PGs was augmented and NO production diminished at term. In accord with this, we and others have demonstrated that uterine PGF2a synthesis increases abruptly just before the onset of labour (Unezaki et al., 1996; Farina et al., 2004) . As presented here, other studies have shown that the generation of NO is up-regulated during pregnancy and down-regulated during delivery and after labour (Dong et al., 1996; Farina et al., 2001) .
As observed in the present study, several authors have indicated that LPS stimulates NOS activity and the synthesis of PGs during pregnancy (Aisemberg et al., 2007; Anbe et al., 2007) . We and others have successfully prevented abortion and PTL by administering PG synthesis inhibitors (Aisemberg et al., 2007; Rac et al., 2007; Wang et al., 2008) . The finding that meloxicam, a selective COX-2 inhibitor, almost completely prevented PTL induced by LPS is strong evidence that PGs, especially those synthesized by COX-2, are critically involved in the onset of labour. In accordance with our results, COX-2 has been found to be up-regulated in the uterus of LPS-treated mice (Swaisgood et al., 1997; Gross et al., 2000) . As Olson and Ammann (2007) reported, although COX inhibitors are usually successful in suppressing PTL in animal and human studies, these drugs have adverse effects on foetal physiology and development, so others ways to prevent PTL need to be investigated. In this sense, the contribution of the predominant myometrial PG produced just prior to human labour, prostacyclin, to the enhancement of the contractile response of human pregnant myometrium to oxytocin and the up-regulation of the contractile apparatus protein expression and the gap junction protein connexin 43, should be take in account (Fetalvero et al., 2008) . We think that in future studies the changes in NO and PG synthesis observed in the present work, and the effects of different drugs on these changes, should be related to altered cytokine and steroid hormone/receptor levels in uterine tissues.
As iNOS protein levels and NOS activity are increased in the uterus during PTL, we studied the effect of AG on the length of pregnancy. The administration of AG delayed PTL, and prevented it in 50% of the animals, suggesting that NO is part of the mechanism of LPS-induced PTL.
These results appear to contradict the idea that NO is a uterine relaxant. So we studied the effect of AG on the synthesis of PGs, so far described as the principal molecules involved in labour. AG attenuated the increase in the synthesis of PGs induced by LPS suggesting a positive modulation of the production of PGs by NO. To further confirm this we studied the effect of in vivo administration of a NO donor on the synthesis of PGs, and surprisingly it decreased the production of PGs suggesting a negative modulation of the synthesis of PGs by NO. As it has been reported in several studies that NO, depending on its concentration, can exert dual effects in different systems (Liew, 1995; Kaneko et al., 2003; Lee et al., 2006) , we decided to determine whether this could be occurring in our model. To address this question we investigated whether the amount of NO determines its effect on the synthesis of PGs using the NO donor SNAP. We found that a low concentration of SNAP (10 mM) was able to decrease PGs synthesis whereas higher concentrations of SNAP (3 mM) augmented them.
As mentioned above, NO could be a uterine relaxant, and have a negative effect on the synthesis of PGs. Also, diminished serum NO levels are associated with abortion in women (Paradisi et al., 2007) . However, it is important to remember that large quantities of NO, particularly those generated by iNOS, in an inflammatory setting such as sepsis, could increase the synthesis of PGs and contribute to uterine contractility and PTL. In this context, it has been reported that high concentrations of NO metabolites are present in amniotic fluid of women with intra-amniotic infection (Hsu et al., 1998) and that NO may contribute to PTL in LPS-challenged pregnant mice (Swaisgood et al., 1997) .
Figure 3
Effect of aminoguanidine on uterine prostaglandin production in LPS-induced preterm labour. Three doses of aminoguanidine were administered (i.p., 6 mg) at 7, 13, and 19 h to control or LPS-treated female BALB/c on day 15 of pregnancy. Uterine strips were collected and the production of PGE2 and PGF2a was measured by RIA.
a P < 0.001 versus day 15, b P < 0.01 versus day 15 + LPS. Values are expressed as means Ϯ SEM (n Ն 4). LPS, lipopolysaccharide.
In conclusion, we present an animal model in which it is possible to study preterm delivery and the regulation of important mediators of pregnancy and parturition. Additionally this work also suggests that the role of NO in pregnancy and labour is far more complex than was originally appreciated. 2008-10. (M411). Universidad de Buenos Aires.
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Figure 4
Effect of SNAP on uterine prostaglandin production in term labour. (A) In vivo: two doses (i.p., 60 mg) of SNAP were administered at 0 and 6 h to female BALB/c mice on day 19 of pregnancy and they were killed at 9 h. Uterine strips were collected and the production of PGE2 and PGF2a was measured by RIA. a P < 0.001 versus day 19. (B) In vitro: female BALB/c mice on day 19 of pregnancy were killed at 9 h. The uterine strips collected were incubated with SNAP 10 mM, 1 mM or 3 mM for 1 h at 37°C and production of PGE2 and PGF2a was measured by RIA.
b P < 0.05 versus day 19, c P < 0.01 versus day 19. Values are expressed as means Ϯ SEM (n Ն 6). SNAP, S-nitroso-N-acetyl-penicillamine.
